Background: We quantified the air quality benefits of a smoke-free workplace law in Boston Massachusetts, U.S.A., by measuring air pollution from secondhand smoke (SHS) in 7 pubs before and after the law, comparing actual ventilation practices to engineering society (ASHRAE) recommendations, and assessing SHS levels using health and comfort indices.
Background
Secondhand smoke (SHS) has been condemned as a health hazard by all U.S. environmental health, occupational health, and public health authorities [1] [2] [3] [4] [5] [6] [7] . This hazard is due to the emission of toxins and carcinogens into indoor air from burning cigarettes, pipes, and cigars, as well as exhaled tobacco smoke from smokers. SHS contains about 4000 chemical compounds, including known carcinogens such as polycyclic aromatic hydrocarbons (PAH), aromatic amines, volatile-and tobacco-specific nitrosamines, as well as a variety of other toxic or irritating compounds, including carbon monoxide, benzene, formaldehyde, hydrogen cyanide, ammonia, formic acid, nicotine, nitrogen oxides, acrolein, and respirable particulate matter [8] . SHS contains 5 regulated hazardous air pollutants, 47 hazardous wastes, and at least 172 chemical toxins [9] . Despite its known hazards, SHS remains a common indoor air pollutant, especially in the hospitality industry, which has had a long history of opposition to efforts to eliminate SHS exposure in restaurants, bars, nightclubs, and casinos.
This report presents the results of air quality monitoring for two SHS marker compounds: respirable particles (RSP) and particle-bound PAH (PPAH) in 7 hospitality venues in the City of Boston, Massachusetts, before and after the city's May 5 th , 2003 smoking ban. These marker compounds are also harmful air pollutants. A large body of epidemiologic literature associates increases in outdoor air fine particle pollution with increases in acute and chronic mortality, and vice versa. More than 100 studies published over the past 10 years consistently show statistically significant associations between levels of total and cardiovascular mortality and combustion-related outdoor RSP concentrations, and the similarity of pathophysiological mechanisms for RSP exposure from SHS and from outdoor RSP has been noted [10] . Polycyclic aromatic hydrocarbons (PAH) are carcinogens are found in tobacco smoke, and polluted environments such as iron and steel foundries, where such exposures are thought to be the cause of excess cancers in workers. Benzo [a] pyrene (BaP) is the best known PPAH. PAH are potent locally acting carcinogens in laboratory animals inducing lung and upper respiratory cancers of the upper respiratory tract and lung when inhaled, and tumors of the digestive tract when ingested. IARC has concluded that exposure to SHS is carcinogenic to humans [11] .
All monitored venues were mechanically-ventilated bars or bar/restaurants, as described in Table 1 . The aims of this study were: first, to measure the level of markers for SHS pollution in the hospitality industry of a major American city before and after a smoking ban, so as to assess the contribution of SHS to the fine particle and carcinogen air pollution exposure of restaurant and bar staff and patrons, second, to compare RSP levels to the short-term Federal Air Quality Index and long-term NAAQS to assess acute and chronic health risks, and third, to evaluate the odor and irritation levels from such exposure. Boston passed a Clean Indoor Air Regulation banning workplace smoking in 2003. The study design is model-based, in order to relate observed concentrations to smoker density and air exchange rates for generalizability and comparison to other similar studies [12] .
Methods

Air quality monitors
In order to assess indoor and outdoor air quality, two fractions of the particulate phase of secondhand smoke were chosen for measurement: respirable particles (RSP), consisting of airborne particulate matter in the combustion size range below 3.5 microns in diameter (PM 3.5 ), and particulate polycyclic aromatic hydrocarbons (PPAH). RSP was recorded using a pump-driven ThermoMIE per- tourists. Monitoring equipment was positioned against a wall ~6 ft. from one end of the bar and ~10 ft. from the front door in a virtually identical position for both measurements. 3. Bar/Restaurant A large complex area dominated by a centrally located bar and stand-up eating area. This bar/restaurant is part of a chain well known for bar and traditional "pub-style" food. Patrons include both tourists and locals of diverse ages. On both occasions monitoring devices were placed in identical locations about 8 feet from the bar against a 5 ft. wall in the stand-up area. 4. Bar/Restaurant A noisy and crowded venue. Patrons are almost exclusively 20 to 30 year old singles who gather from late afternoon to late at night. Bar food is available and served throughout both in the bar area and smaller dining room. Monitors were placed ~20 ft. from the bar against a windowed wall during the first (April visit), and against the bar for the return (October) visit. 5. Bar/Restaurant A small, crowded, neighborhood bar/restaurant. The narrow bar area is ~15 ft. wide and ~40 ft. long with another ~20 ft. devoted to dining booths contiguous to the bar. Monitors were placed about 6 feet from the bar's middle against a wall in identical locations for each visit. 6. Bar/Restaurant Grilled and sizzling-hot ethnic food is the main attraction of this bar/restaurant. The bar is contiguous to dining area #1, and ~10 ft. distant and open to dining area #2. Monitors were placed adjacent to tables in dining area #1 in April, and in dining area #2 in October. 7. Bar/Restaurant Well-known upscale bar/restaurant chain frequented by both locals and tourists. The large rectangular raw shellfish bar area is separated from the main dining room by corridors but also has large dining tables encircling the bar. Monitors were placed against a wall adjacent to a dining sonalDataRAM model pDR-1200 real-time aerosol monitor (ThermoAndersen, Inc., Smyrna, GA), and PPAH was sampled using a pump-driven EcoChem PAS2000CE realtime particle-bound polycyclic aromatic hydrocarbon monitor (EcoChem Analytics, Inc., League City, TX). The pDR1200 was used with a factory calibration of 1.00; the instrument was HEPA-zeroed and the calibration rechecked prior to each day's sampling. PM 3.5 and PM 2.5 , a regulated outdoor air pollutant, are essentially the same when measuring both the fresh and aged SHS aerosol as essentially the entire SHS distribution is below 1 μm in diameter. The PAS2000CE was also used as factory calibrated. As described in detail elsewhere [12] , our pDR 1200's calibration was previously checked against SHS and background aerosol in a series of controlled experiments using 7 Marlboro cigarettes and found to be accurate to within experimental error against both a piezobalance and pump and filter, and simultaneously, our PAS2000ce was evaluated in the same experiment to ascertain the PPAH-to-SHS-RSP ratio. Both devices incorporate data loggers and can output mass concentration and time to a computer; both were synchronized and set for 1-minute averaging times.
Ventilation assessment
In order to assess ventilation, two methods were used: the first method involved measuring carbon dioxide (CO 2 ) using a Langan T15 Personal Exposure Measurer (Langan Instruments, San Francisco, CA), which measures concentrations in real time. Calibration of these MIE and PAS instruments is described elsewhere [12] . If the number of persons in the establishment is counted, the ventilation rate per occupant can be estimated from the difference between the indoor and outdoor CO 2 levels by using an equation given by The American Society of Heating Refrigerating, and Air Conditioning Engineers (ASHRAE) in ASHRAE Standard 62-1999 [13] . This method is based on carbon dioxide levels in exhaled breath, which will build up in an indoor environment limited only by the ventilation rate. The ventilation rate per occupant defines the rate of supply of outdoor air per occupant of the space, and does not directly measure the rate of pollutant removal. This commonly-used method is limited in accuracy by two potential problems: the CO 2 levels may not be in equilibrium, and it may be difficult to assess the true outdoor background because of emissions of CO 2 from nearby traffic.
Accordingly a second method was used to assess ventilation, the air exchange rate method, which relies upon the mass-balance model [14, 15] . The air exchange rate is defined as the rate of replacement of polluted air with unpolluted air, and is an index of how fast the secondhand smoke is removed by the air handling system plus sorption on room surfaces. These are described in more detail below.
Pre-smoking-ban survey methods
The first monitoring phase was conducted on Friday evening, April 18, 2003 , prior to enactment of the May 5 th smoke-free law in the city of Boston. The criteria for eligibility in the first phase were the presence of visible smoking, that each establishment be within walking distance of the previous, and establishments represent a broad variety of hospitality venues, ranging from a neighborhood bar serving food to a tourist bar serving raw shellfish. Two bar/restaurant venues on the list of candidates were rejected because no-one could be found smoking at entry, and time was limited by PPAH monitor battery charge. The venues were selected by one of us (JH) a Boston resident, who identified the venues to be sampled.
Venues were visited for an average of about 36 minutes (range, 20 to 59 min). Outdoor and in-transit locations were sampled before and after each venue, as well as a nonsmoking hotel room before and after the pub survey. The miniaturized monitors were concealed in wheeled luggage, and sampling was discreet in order not to disturb occupants' normal behavior. All venues were well-patronized during the measurements. The monitoring package was generally unobtrusively located along a wall, or beneath a table, ~2 ft from the floor.
Each pub's dimensions were measured using a Calculated Industries Dimension Master ultrasonic digital ruler (range 2 ft -50 ft, resolution ± 1%), by a Bushnell Yardage Pro Sport Compact infrared laser Rangefinder (range 10 yd to 700 yd, resolution ± 1 yd), or estimated by pacing, if the venue was too crowded or irregular in shape. The total number of persons and the number of burning cigarettes was counted every ten minutes, including the beginning and end of the sampling period. The clock time upon entering and leaving each establishment was recorded in a time-activity pattern diary, so that each venue's concentration could be identified by time recorded in the data.
Post-smoking-ban survey methods
The second monitoring phase was conducted six months later, on Friday evening, October 17, 2003, after compliance with the law had been amply demonstrated, and the temperature was sufficiently cool such that the venues were not open to the outdoor air and the baseline indoor air quality could be assessed in the absence of smoking. Eligibility criteria were as in Survey #1, except that in all venues no smoking was observed. The same 7 hospitality venues were visited for an average of about 43 minutes (range, 21 to 71 min), after the smoking ban took effect, and it was judged that their compliance with the ban was satisfactory. Continuous measurements of RSP and PPAH, were again made from ~6 PM to 12 AM, in the same order and at about the same time of night. As in the pre-ban field study, control measurements were performed outdoors, in transit, and in a non-smoking room on the same floor at the same hotel.
SHS odor and irritation
Odor and irritation thresholds have implications for smoking policy development. Weber and Grandjean [25] report that nearly three-fourths of nonsmokers were disturbed by smoky air in restaurants, that acute irritation from SHS is enhanced in warm and dry air, and that controlled studies of healthy nonsmokers show that the particulate phase of SHS is mostly responsible for the irritating effects of SHS, while the gas phase is responsible for most of the annoyance. Weber and Grandjean [25] also found that irritation, as measured by eye-blink rate, increased linearly with increasing smoke concentration, and with increased duration of exposure at a constant concentration. The same results were observed, although less pronounced, for nose and throat irritations. Unlike irritation, annoyance increases rapidly as exposure begins, then plateaus with time.
Junker et al. [26] , conducted a study of 24 healthy nonsmokers aimed at determining air quality standards required to protect nonsmokers from adverse health effects caused by impacts of SHS from smoldering cigarettes on the human sensory system as well as to provide measures for establishing acceptable indoor air quality. Junker et al. [26] found that that the threshold for objectively measured sensory irritation was about 4.4 μg/m 3 for PM 2.25 , and that at this level, 67% of the nonsmoking subjects judged the quality of the air to be unacceptable. In addition, Junker et al. [26] measured a median odordetection threshold of about 1 μg/m 3 SHS-PM 2.25 . These authors concluded that the results for sensory symptoms show that even at very low SHS concentrations, subjects perceived a significant increase in sensory impact (eye, nasal, and throat irritation), and felt significantly more annoyed and reported the quality of the air to be less acceptable than exposure to zero levels of SHS.
The active smoker model
The model-based study design allows the data to be generalized: in the April 18 th survey, values for area, volume, active smoker count, and pollutant concentration were measured. From these values the smoker density can be computed, and air exchange rate due to ventilation can be estimated using a simplified version of the mass-balance model called the Active Smoker Model (Eq. 1 below) [12] . The relationship of the number of burning cigarettes to the number of smokers present is illustrated as follows: the 2003 Massachusetts average adult habitual smoking prevalence is 19.7% (± 1%) [24] . Thus in a group of adult Bostonians consisting of mixed smokers and nonsmokers according to the Statewide smoking prevalence, 19.7% of the entire group would be expected to be habitual smokers. Of those, 1/3, or ~6.6% would be expected to be observed actively smoking at any one time [12] . Thus in a 2003 field survey of a venue in Boston, the prevalence of active smoking would be expected to be 6.6% of persons present if the smoking prevalence is representative of that in the larger state population. Note that if the SHS-RSP concentration and smoker density are measured, the air exchange rate for SHS-RSP removal can be calculated. Note that the model implicitly assumes a default surface decay rate for RSP = 1.33 C v [9] .
Ventilation rates per occupant from CO 2 CO 2 is a waste product of human metabolism, and will buildup in the air proportionally to the number of persons in the building environment. Accordingly, ventilation systems are designed with CO 2 control in mind. The design ventilation engineer's guideline for ventilation rates in buildings is ASHRAE Standard 62-1999 [13] . Equation 2 is typically used by engineers to estimate the ventilation adequacy based upon an indoor CO 2 measurement. Eq. 2 is given in Appendix C of ASHRAE Standard 62 [13] , and specifies the estimation of C s , the equilibrium CO 2 levels in parts per million (ppm) in a venue: where N is the CO 2 generation rate per person (N = 0.30 L/min, or 5000 ppm-L/s-occupant corresponding to office work), V o is the outdoor air flow rate per occupant in L/s, and C o is the CO 2 concentration (expressed in parts per million or ppm) in the outdoor air.
The CO 2 levels measured in this survey are given in Table  2 , and used to calculate V o in the right-most column of 
Results
Pre-ban
Weather conditions measured at Logan Airport on the Harbor on Friday evening April 18, 2003 (6 PM to Midnight) were fair and cold, with barometric pressure between 30.57 and 30.54 inches of mercury. The outdoor temperature was 5°C (41°F) at 6 PM, decreasing to 4°C (39°F) by Midnight. Outdoor relative humidity ranged from 76% to 87% during the same hours [16] . However, the environmental parameters inside the monitoring package were measured using the Langan Personal Exposure measurer, which was deployed in the Downtown Boston area during this survey, were less extreme, with temperature varying from 12.7°C to 20.9°C, with a mean 17.3°C, and relative humidity ranging from 25% to 64%, with a mean of 43.5%. Figure 1 shows a characteristic pattern of low outdoor RSP and PPAH levels, with indoor RSP and PPAH levels in all pubs quite elevated with respect to the outdoors. Pub # 6 has a carbon monoxide (CO) level twice as high as the other pubs, whose CO levels on average are comparable to outdoors. Figure 3 shows a plot of the RSP levels vs. the PPAH levels, excluding Pub #6 [which had an indoor air quality problem unrelated to smoking as discussed below]. Figure 3 shows a linear relationship (R = 0.93) between RSP and PPAH in the pubs suggesting that the PPAH carcinogens are due to SHS, as found in controlled experiments which show that SHS-PPAH levels track the SHS-RSP levels, and that both are elevated during smoking and decay toward background levels when the cigarettes are extinguished [12] .
Excluding Pub #6, the indoor levels of RSP average 179 μg/m 3 , ~10 times higher than the outdoor RSP levels, which averaged 18.6 μg/m 3 , and ~28 times higher than in the hotel room, where measurements were taken in front of an open window. Similarly, the PPAH levels, again excluding Pub #6, average 65.1 ng/m 3 in the pubs, ~4 times higher than the outdoor levels, which averaged 15.8 μg/m 3 , and 23 times higher than the hotel room.
Post-ban
The same venues were sampled on Friday evening October 17, 2003 (6 PM to Midnight) at the same time of night as in the pre-ban survey. Weather (6 PM to Midnight) was overcast and mild, with barometric pressure between 30.09 inches of mercury to 30.12 inches of mercury. The outdoor temperature was 48.2°F (9°C) at 6 PM, increasing to 50.0°F (10°C) by midnight. Relative humidity ranged from 58% to 62% during the same period [16] . Table 3 organizes the Oct. 17 post-ban study results. Zero smokers were observed in all pubs post-ban. The Oct. 17 RSP and PPAH data are plotted in Figure 2 . Figure 2 shows a characteristic pattern of low indoor and outdoor RSP and PPAH levels, except for the anomalous RSP levels in Pub # 6. Pub # 6 results show that the RSP is more than an order of magnitude greater than for any other pub, while the PPAH levels are the lowest of any pub. This indicates that the smoking created the elevated PPAH levels shown in Figure 1 for Pub # 6, but that there is another source for the RSP. As in Table 2 , Table 3 shows that Pub # 6 also has an elevated carbon monoxide (CO) level, 6 times that of the mean for the other pubs, which again have CO levels on average comparable to outdoors. Again excluding Pub #6, the indoor levels of RSP average 7.73 μg/m 3 , ~99% of the outdoor RSP levels, which averaged 7.82 μg/m 3 , and only ~4 times higher than in the hotel room. Similarly, the PPAH levels, again excluding Pub #6, average 5.64 ng/ m 3 in the pubs, ~62% of the outdoor levels, which averaged 9.05 ng/m 3 , and 2.2 times higher than the hotel room. The hotel room RSP levels were 3 times higher on April 18 than on Oct. 17, but still relatively low, on both surveys, and PPAH levels were essentially the same on both occasions.
Odor and irritation results
In table 5, the SHS-RSP values for the most-polluted venue, Pub #4 exceed Junkers' irritation threshold by a factor of (332)/4.4 = 75-fold, and exceed Junkers' odor
threshold [26] by a factor of 332. For the least SHS-polluted venue, Pub # 3, the irritation and odor ratios are still 13 times and 57 times the threshold levels. For all venues averaged, these thresholds are exceeded by factors of 39 to 171 respectively. The lack of an adverse economic impact in the hospitality industry due to Massachusetts' smokefree workplace law one year [17] later may be due in part to the reductions in odor and irritation from SHS, making these venues more attractive to nonsmokers [29] .
Discussion
Smoker density
The observed smoker density ranges from 0.03 BC/100 m 3 to 1.31 BC/100 m 3 , and averages 0.57 BC/100 m 3 , just 25% of the 2.32 BC/100 m 3 expected at maximum occupancy.
Air exchange rates from the model
The default air exchange rate for a typical bar at maximum occupancy was derived by Repace [12] as C v = 18 air changes per hour (h -1 ). Using Eq. 1, C v is calculated for all 7 venues in Table 2 , ranging from C v = 0.75 to 4.23 h -1 , also much lower than expected, indicating these bars are underventilated.
Ventilation rates from CO 2
Calculated V o values in Table 2 range from 5 to 29 L/s-occ, and average about 14 L/s-occ, close to the 15 L/s-occ specified by ASHRAE. However, the mean occupancy was 39 occupants per 1000 ft 2 , 39% of maximum occupancy for a bar, indicating that air quality would be much worse at busier times. This illustrates even if the ventilation rate for removal of CO 2 is adequate, the air exchange rate for SHS Figure 3 plots the pre-ban RSP vs. the pre-ban PPAH. A regression analysis yields a good linear fit (R = 0.93) with a 2000:1 ratio between RSP and PPAH. This is in good qualitative agreement with previous research which shows that during smoking, the cigarette PPAH tracks the RSP, but has a higher decay rate [12] . Figure 4 plots the background-subtracted RSP vs. the background-subtracted PPAH values as a function of burning cigarette density and SHS-RSP air exchange rate using the habitual smoker model. The correlation of net RSP and net PPAH with each other and the increase of PPAH and RSP with active smoker density suggest a strong association with smoking, and interestingly, the slope of the regression differs only by 1% from that observed in the Wilmington Study [12] .
Air pollution from SHS
By how much are the RSP and PPAH levels reduced by the smoking ban? From Table 2 , excluding Pub # 6, which had the IAQ problem, the pre-ban pub RSP levels average 179 μg/m 3 . From Table 3 , the post-ban pub RSP levels, again excluding Pub #6, average 7.7 μg/m 3 , a decrease by 96%. Similarly, From Table 2 , excluding Pub #6, the preban pub PPAH levels average 65.1 ng/m 3 . From Table 3 , the post-ban pub PPAH levels, again excluding Pub #6, Figure 1 . Pub #6 had high carbon monoxide levels before and after the ban; this was reported to Boston Public Health, whose investigation later disclosed this was due to fumes from a malfunctioning gasfired deep fat fryer. Outdoor air pollution levels appear between the dotted lines bracketing the indoor levels in each pub. But there was one major exception: Pub # 6, which had a higher RSP level after the smoking ban than before (although the PPAH level was much lower). Repace et al. (1980) [14] found that cooking smoke could contribute significantly to indoor air pollution. Kitchens are supposed to remain under negative pressure to contain cooking fumes [36] . However, The regression of respirable particle pollution against carcinogen pollution in 6 of 7 Boston pubs studied before the smoking ban Figure 3 The regression of respirable particle pollution against carcinogen pollution in 6 of 7 Boston pubs studied before the smoking ban. Pub # 6 is excluded due to apparent contamination from kitchen fumes. The ratio for RSP/PPAH in the same units is about 2000:1. This is the same RSP/PPAH ratio found in the Wilmingon, Delaware study (Repace, 2004) . (Table  2) , and a median value of 178 μg/m 3 (not shown), and a mean estimated SHS-PPAH level of (61.7-15.8) = 46 ng/ m 3 .
In a very similar model-based air quality survey to that reported here, Repace [12] measured RSP and PPAH in Wilmington, DE in 8 hospitality venues, a casino, 6 pubs, and a pool-hall. In the Wilmington study, active smoker density varied between 0.02 and 1.44 cigarettes per hundred cubic meters and averaged 0.53 (SD 0.54), and SHS contributed 90% to 95% of the RSP air pollution during smoking, and 85% to 95% of the carcinogenic PPAH, with an average smoking prevalence of 15%. Indoor RSP levels averaged 231 μg/m 3 (SD 207), quite similar to the values reported by the Massachusetts Study [17] . Ott [38] , in a model-base study, observed reductions of RSP 84% following California's smoking ban, in a 2-year longitudal study in a tavern in California, and reported that the active smoking count explained more than 50% of the variation in the RSP concentrations observed on individual visits [38] . Another model-based survey in Western New York State reported a range in smoker density in 14 bars and restaurant/bars from 0.25 to 3.15 BC/100 m 3 , averaging 1.36 BC/100 m 3 ; the mean estimate SHS-RSP level was 385 μg/ m 3 , and the total RSP pollution level declined by 93% after a state-wide smoking ban [39] . This is in good agreement with a study of the effectiveness of a state-wide smoking ban in New York State, where urine cotinine levels, a measure of SHS exposure, declined by 94%, from a pre-ban median of 4.93 ng/ml in non-casino hospitality workers (n = 36) to a post-ban level of 0.3 ng/ml (n = 27), the level of detection [30] .
Similar results have been observed in Europe. Mulcahy et al. [23] randomly sampled 20 city centre bars in Galway, Ireland, for air nicotine concentrations before and after the Irish national smoking ban. They found an 83% reduction in air nicotine concentrations following the smoking ban. However, smoker density was not reported. Edwards et al. [37] conducted a cross sectional study in four mainly urban areas of the North West of England measuring a mean PM 2.5 level of 285.5 μg/m 3 (95% CI 212.7 to 358.3), in a stratified random sample of 64 pubs; smoker density was not reported. Levels were higher in pubs in deprived communities: mean 383.6 μg/m 3 (95% [12] .
Air quality and health
To place the predicted and observed levels of RSP into perspective, consider the U.S. Annual National Ambient Air Quality Standard (NAAQS) for particulate matter 2.5 microns in diameter or less (PM 2.5 ), which encompasses combustion-related fine particulate by-products such as tobacco smoke, chimney smoke, and diesel exhaust. In 1997, the EPA promulgated a 24-hour NAAQS for PM 2.5 , of 65 μg/m 3 , not to be exceeded more than once per year, and an annual NAAQS for PM 2.5 of 15 μg/m 3 , based on protecting human health [19, 20, 35] . The NAAQS for PM 2.5 is designed to protect against such respirable particle health effects as premature death, increased hospital admissions, and emergency room visits (primarily the elderly and individuals with cardiopulmonary disease); increased respiratory symptoms and disease (children and individuals with cardiopulmonary disease); decreased lung function (particularly in children and individuals with asthma); and against alterations in lung tissue and structure and in respiratory tract defense mechanisms in all persons. [19] . PM 2.5 and PM 3.5 are closely related [21] . The annual average PM 2.5 level for Boston (City Square) for 2001 was: 13.25 μg/m 3 [34] . 90% of U.S. Counties have PM2.5 levels below about 16 μg/m 3 [22] . The intent of the NAAQS is to limit risk to human health from exposure to particulate air pollution. The NAAQS does not apply de jure to indoor air quality because the U.S. Clean Air Act specifies only outdoor ambient air and as such is not an exposure standard, however, this health-based standard may be used de facto to evaluate levels of indoor air quality provided averaging times are taken into account. We did not consider using OSHA workplace standards as a basis of comparison, because they are far less protective of human health than EPA standards. Recent research on the adverse health effects of fine particle pollution shows estimated concentration-response functions that are approximately linear, with no evidence of safe threshold levels; moreover, unresolved gaps in understanding exist concerning who is most at risk or most susceptible [10] .
The average pre-ban SHS PM 3.5 level in the 6 pubs (excluding Pub #6) was 179 μg/m 3 , and post-ban 7.73 μg/m 3 . Subtracting post-ban background, and assuming pub staff work 260 days per year, 8 hrs per day, they are exposed to an annual average of (171 μg/m 3 )(260 d/365 d)(8 hr/24 hr) = 40.6 μg/m 3 from SHS, and to an annual average background level of 13.25 μg/m 3 from outdoor non-SHS sources. Assuming that these averages are sustained over the required 3 year averaging period, SHS exceeds the 15 μg/m 3 level of the Annual National Ambient Air Quality Standard by a factor of (40.6 + 13.25)/15 = 3.6. Although no standards have been set for PPAH, assuming an 8-hr workday, on a 24-hr average basis for the 7 venues sampled, pre-ban PPAH exceeded post-ban PPAH levels by a factor of [(65.1/3) + 6.32)]/6.32 = 4.1, significantly increasing exposure of workers to substances known to be implicated in the causation of cancer, heart disease, and stroke [12, 31, 32] . Figures 1, 2 , and 3 taken together demonstrate conclusively that secondhand smoke causes most or a significant fraction of the massive RSP and PPAH pollution elevations shown in 6 of 7 hospitality venues of Figure 1 . Smoking in these Massachusetts hospitality venues caused levels of respirable particles and particle-bound PAH carcinogens exposure to increase by six-to-ten-fold. The models developed from Equation 1 generalize the results to other hospitality venues. Finally, the elevated carbon monoxide levels and heavy RSP pollution in Pub #6 before and after the smoking ban suggest that the kitchen exhaust equipment has broken down and grilling fumes are being pulled into the dining room along with cooking gas fumes from a defective deep-fat fryer. Overall, RSP levels decreased from 179 μg/m 3 to 8 μg/m 3 , or by 96% and PPAH levels decreased from 65 ng/m 3 to 6 ng/m 3 , or by 90%. There are few public policy interventions that require such a small public investment and that yield such a dramatic return in such a short period of time.
Health risk assessment for workers and patrons
What are the disease risks of SHS-RSP at the odor and irritation thresholds? Repace et al. estimated [27] that lung cancer and heart disease mortality risk combined from workplace SHS (annualized workplace exposure of 6.7 hours daily) for a working lifetime of 40 years was 150 deaths per million persons at risk per 1 μg/m 3 . Since the federal (EPA) de minimis risk level is 1 death per million workers at risk, at the lowest odor threshold ever measured, the risk from passive smoking is 150 times de minimis risk, and at the lowest irritation level ever measured, 600 times de minimis risk. the de minimis risk is defined as a level "below regulatory concern" [28] . In other words, if SHS can be smelled, it's at harmful levels.
At the 179 μg/m 3 level SHS-RSP averaged over all venues, the chronic risk of these two diseases combined is (179/ 1)(150 × 10 -6 ) = ~27 deaths per 1000 workers per 40 year working lifetime. This exceeds the Occupational Safety and Health Administration's Significant Risk of Material Impairment of Health level of 1 death per 1000 per 45 years [27] by a factor of (45/40)(27 per 1000)/(1 per 1000) = 30-fold. Thus these exposures were quite significant [28] by U.S. federal risk assessment standards for occupational and environmental health.
Air Quality forecasts are provided by State and local agencies, using the U.S. Environmental Protection Agency's (EPA) Air Quality Index (AQI) [22] , a uniform index that provides general information to the public about air quality and associated health effects. These index descriptors are described in Table 4 . Health advisories and warnings are based on the current AQI as well as the forecasted AQI. Air quality authorities maintain running averages for each pollutant, and an appropriate AQI is reported that generally corresponds to the current average. For most major cities, air quality forecasts, based on predicted meteorological conditions and monitored air quality, are also released to the public usually during the afternoon hours of the day preceding the forecast period. These forecasts are for PM and ozone, since these are the pollutants that generally contribute to unhealthy air quality. If pollutant levels are expected to be unhealthy, the state and local agencies will release a color-coded health warning or advisory to the local media and post these advisories on their web sites [22] . The color codes and corresponding normalized Air Quality Indices are based upon "breakpoints" or ranges of minimum-to-maximum particulate levels corresponding to increasing severity of expected health effects. AQI values are usually below 100, with values greater than 100 occurring at most several times a year. The SHS-RSP levels in Table 5 for the 7 pubs range from AQI descriptors corresponding to Unhealthy for Sensitive groups (2), to Unhealthy (1), to Very Unhealthy (1), to Hazardous (3). This comports with Biener et al.'s [29] reported health reasons for nonsmokers' aversion to SHS. The air pollution levels overall correspond for all venues to a level of 198 μg/m 3 , or Very Unhealthy.
Conclusion
Our air quality survey in 7 Boston Massachusetts pubs indicates that Boston's smoke-free law reduced RSP pollution by 90% to 95% and PPAH pollution by 80% to 90%. Few public investments have yielded such large public health gains in such a short period of time at so little cost. Pre-ban air pollution levels ranged from Unhealthy for Sensitive groups to Hazardous, and on average corresponded to Very Unhealthy levels as judged by the AQI for outdoor PM 2.5 . Post-ban AQIs were in the Good range, except in one pub that had a malfunctioning kitchen appliance. This pub was excluded from the air quality averages. RSP and PPAH levels were correlated during smoking and were proportional to the density of burning cigarettes. While ventilation rates were generally in compliance with design rates at the 39% average occupancy, at maximum occupancies they would not have met ASHRAE Standard 62-2001 recommendations. SHS risk to workers exposed at the 6-pub average exceeds OHSA' Significant Risk level by a factor of 30 for lung cancer and heart disease combined. Workplace exposures to SHS-RSP exceeded the U.S. NAAQS 4-fold. Carcinogenic risk apart, ventilation was incapable of controlling RSP to meet the NAAQS without a 100-fold increase in outdoor air supply. Smoke-polluted pubs had average levels of fine particles and particulate carcinogens which were ten-fold and three-fold higher respectively than previously reported for Boston streets with heavy truck and bus traffic. Averge SHS-RSP values exceeded irritation and odor thresholds by factors of 39 to 171 respectively. Daily SHS-PPAH exposures were quadrupled relative to outdoors. The lack of an economic impact from Massachusetts' smoke-free workplace law may have resulted from reductions in odor and irritation, making hospitality venues more attractive to the nonsmoking majority. 
